Abstract: The location and ligand accessibility of internal cavities in cysteine-free wild-type T4 lysozyme was investigated using O 2 gas-pressure NMR spectroscopy and molecular dynamics (MD) simulation. Upon increasing the concentration of dissolved O 2 in solvent to 8.9 mM, O 2 -induced paramagnetic relaxation enhancements (PREs) to the backbone amide and side chain methyl protons were observed, specifically around two cavities in the C-terminal domain. To determine the number of O 2 binding sites and their atomic coordinates from the 1/r 6 distance dependence of the PREs, we established an analytical procedure using Akaike's Information Criterion, in combination with a grid-search. Two O 2 -accessible sites were identified in internal cavities: One site was consistent with the xenon-binding site in the protein in crystal, and the other site was established to be a novel ligand-binding site. MD simulations performed at 10 and 100 mM O 2 revealed dioxygen ingress and egress as well as rotational and translational motions of O 2 in the cavities. It is therefore suggested that conformational fluctuations within the ground-state ensemble transiently develop channels for O 2 association with the internal protein cavities.
Introduction
Internal protein cavities can accommodate small molecules such as water and organic compounds.
1,2 Exploring internal protein cavities and pockets helps improve our understanding of protein stability, conformational fluctuation, and ligand binding. 3, 4 For example, cavity enlargement can enhance protein conformational fluctuation and decrease thermal stability, 4, 5 while ligand binding to internal cavities as well as cavity filling by amino acid substitutions can increase protein thermal stability.
indicate that the WT* C-terminal domain is highly stable against unfolding, yet has high local fluctuations that enable hydrogen exchange. These local fluctuations within the ground-state ensemble may facilitate binding of small ligands. However, knowledge of ligand binding to WT* and its cavity-designed mutants in solution remains limited. NMR provides a high-resolution approach to investigate the structure and dynamics of proteins in solution. Several studies have shown that NMR spectroscopy in combination with dioxygen (O 2 ) gaspressure is a powerful tool for investigating the location of internal protein cavities and pockets in solution and their accessibility to ligands, owing to the paramagnetic properties of O 2 . [12] [13] [14] [15] [16] [17] [18] In previous studies, methods to analyze O 2 -binding sites in proteins in solution were reported, using the O 2 -induced enhancement of backbone amide proton spin-lattice relaxation. 12, 15, 16 We found that O 2 bound selectively to the hydrophobic, rather than hydrophilic (water-containing) cavities in the cavity-enlarged T4 lysozyme mutant L99A. 12 In the outer surface protein A (OspA), O 2 was also found in association with the large hydrophobic cavity ($200 Å ). 16 Although O 2 -induced changes in the 1 H/ 13 C HSQC spectra for WT* were previously reported, 12 the details thereof have not yet been reported. Here, we report on the O 2 -binding sites in WT* and their accessibility to ligands using O 2 gaspressure NMR spectroscopy and molecular dynamics (MD) simulation. In addition, we established an analytical procedure using the Akaike Information Criterion (AIC), 19 which is one of the popular indices in statistics for facilitating statistical model identification, and a grid-search to determine the number of O 2 binding sites and their atomic coordinates from the 1/r 6 distance dependence of O 2 -induced paramagnetic relaxation enhancement (PRE).
Results and Discussion

O 2 -induced spectral changes
The association of O 2 with WT* was studied by solution NMR spectroscopy at an O 2 concentration range of 0.27-8.9 mM. All measurements were initiated >19 h after changing the gas pressure, because 19 h was required to reach a new gas dissolution equilibrium in the NMR tube when studying the L99A mutant protein in which larger NMR spectrum changes were observed. 12 
where x a , y a , and z a are the atomic coordinates of each amide proton, and X i , Y i , and Z i are the atomic coordinates of bound O 2 in the three-dimensional Cartesian coordinate system. The observed DR 1 values were globally fitted to Eq. (2) and C 0 , C i , X i , Y i , and Z i were obtained as fitting parameters.
In the previous study, the initial parameters for nonlinear regression in Eq. (2) were manually determined. Particularly, to obtain reasonable fitting results, initial atomic coordinates of O 2 molecules were required to be near residues showing large DR 1 values. To abolish the initial parameter dependence of regression, parameters in Eq. (2) were estimated using the AIC 19 and grid-searching (see Materials and Methods).
The AIC values with fitting results for one-, two-, and three-binding-site models were listed in Table S1 . The three-binding-site model giving the minimum AIC value was considered to be the best possible solution. Consideration of the one-, two-, three-, and four-binding-site models is shown in Supplementary Material. The obtained parameters, C 1 , C 2 , C 3 , and C 0 were 2. , which is derived from the van der Waals volume of a single oxygen atom, and the internuclear distance (1.21 Å ), is much larger than the cavity volume. The rearrangement of the backbone and side-chain atoms might have taken place around cavity 3. Note, however, that the chemical shift changes induced by O 2 in cavity 3 may not necessarily be observed, as the O 2 occupancy of cavity 3 is much lower than that of cavity 4. Back-calculated PRE contributions were plotted in Figure 2B , and the R 2 value of the correlation between the back-calculated and observed DR 1 values was 0.97, indicating a high correlation. Moreover, the contribution of each binding site to DR 1 was calculated using Eq. (2) [ Fig. 2(C) ]. This analysis showed a quantitative contribution of each binding site to DR 1 . For instance, residues 124-130 and 153-156 exhibited dominant contributions from the cavity 3 binding site, although the O 2 binding probability in cavity 3 was 10 times smaller than that in cavity 4.
Background PREs, which correspond to parameter C 0 , can be explained by the contribution of O 2 dissolved in the solvent when no specific protein binding sites exist. In the diffusion model of dipoledipole electron-nuclear interactions, the PRE contribution is inversely proportional to the cubic distance of the closest approach between nuclei and unpaired electron. 14 Figure  S1 (A). The potential O 2 -binding sites, as determined by DR 1 of the methyl protons of residues 71-160 [ Fig. S1(B) ], were similar, but not identical to those of the amide protons. The R 2 value of the correlation between the back-calculated and observed DR 1 values for the methyl protons was 0.61, which is significantly lower than that for the amide protons. Similar difficulty was encountered for the regression analysis of the methyl protons from the L99A mutant protein.
12
In general, methyl protons are located in much closer proximity to O 2 molecules in the protein cavities. As the distance to O 2 is <3 Å , DR 1 , which has a 1/r 6 
Dissociation constants of O 2
Chemical shift changes of the L118 amide nitrogen, M102 methyl protons, and M102 methyl carbon are shown in Figure 5 as a function of O 2 concentration. All nuclei are located around cavity 4, and thus their chemical shift changes would be sensitive to O 2 occupancy. Similar O 2 -induced chemical shift changes were observed for both the L99A mutant of the protein 12 and OspA. 16 As is likely to be the situation for both cases, the O 2 -induced chemical shift changes for the WT* were considered to originate from the paramagnetic shift, particularly the contact shift. As discussed above, O 2 molecules were found to associate to the hydrophobic cavities. Therefore, O 2 molecules may collide with nearby nuclei in the respective cavities, which can allow for delocalization of unpaired electrons to nuclei, thereby causing contact shift. This effect would be stronger for nuclei In panel (A) , areas of 5-10, 10-100, or >100-times higher O 2 occupancy than the average are depicted by yellow, orange, or red spheres, respectively. In panel (B), areas of 5-10 and 10-50 times higher O 2 occupancy than the average are depicted by yellow or red spheres, respectively. Areas are depicted with 1 3 1 3 1 Å of mesh size. This image was prepared using the software VMD 2016. 35 exchange rate, which is the sum of the binding and unbinding rates, would be faster than the chemical shift difference between the bound and unbound forms, Dx. The estimated maximum Dx in the present NMR measurements was 5 6 2 ppm (4,700 rad s 21 ) for the methyl carbon of M102 (data not shown).
Therefore, the residence time of O 2 inside or outside the cavity would be shorter than 210 ls. Even if the residence time is 1 ls, much longer simulation times might be required to detect the O 2 binding event.
In order to observe O 2 binding more effectively, MD simulations were performed with 30 O 2 molecules (100 mM of O 2 ) in the system. No O 2 molecules were initially inserted in the internal cavities. O 2 binding events were observed at cavity 3 and the water-containing cavity 1 of the protein during the 300 ns simulation (see Supplementary Material, Movies 4-6). We observed O 2 binding into cavity 3 through the cleft between helices H and J. Although the O 2 molecule occasionally moved around cavities 3 and 4, it remained almost exclusively around cavity 3. It then egressed from the protein through the same cleft. The cleft may thus represent binding and unbinding pathways for O 2 molecules. The pathway to cavity 3 is designated channel 1, as indicated in Figure 6 (B). The pathway was also observed in the MD simulation for the L99A protein mutant. In addition, we frequently observed association of O 2 with the water-containing cavity 1. Figure 6 (B) shows an average density map of O 2 during 300 ns MD simulations with 100 mM O 2 . More than 10-times higher O 2 occupancy than the average was observed at cavities 1 and 3 as well as on several regions of the protein's surface. In contrast to the PRE observations, O 2 frequently sampled voids in the N-terminal domain, particularly around cavity 1. As shown in Figure 6 (B), O 2 molecules bound to and unbound from cavity 1 through the channel near the B-helix (i.e., channel 2). Although the binding of O 2 to cavity 1 was not shown by both experimental methods and through simulation using 10 mM O 2 , the MD simulations suggest that cavity 1 has the potential to associate with O 2 at higher O 2 concentrations.
O 2 accessibility of internal cavities
The accessibility of O 2 to the internal cavities within three proteins, namely OspA, 16 WT* T4 lysozyme (the present study), and its L99A mutant, 12 have been investigated by our groups using O 2 gaspressure NMR spectroscopy. Because of the paramagnetic property and small size of O 2 , ligand accessible sites, including novel binding sites, were detected in the aforementioned proteins. O 2 was in fact found to share binding sites with noble gases such as xenon, krypton, and argon. 10 In addition, O 2 bound more specifically to hydrophobic rather than water-containing hydrophilic cavities. According to the protein crystal structure, there are no channels to access internal cavities. 
In the above equation, m is the number of residues, h is a set of all parameters in Eq. (2) (i.e.,
. . . ; X n ; Y n ; Z n ; C n ), and l obs,a and r obs,a are the PRE value, and its standard deviation for the amide proton of residue number a, respectively. DR 1 a;h is the PRE of residue number a, which is estimated from the parametersh according to Eq. (2) 
where k54n11, which is the number of free parameters. The derivation of Eq. (5) is given in Supplementary Material. It has been shown that exploring the minimum AIC value corresponds to selecting the most predictive model (i.e., the best oxygen placement) to explain the observations (i.e., PREs) under some approximations. 19 The AIC value consists of a penalty term (the first term), a constant term (the second term), and a score function (the third term). It increases when the number of binding sites increases, and decreases when the predicted DR 1 values are better fitted to its corresponding experimental values. The balance between the penalty and the score prevents an oversimplified model (i.e., one with too small an n value, and with a bad prediction) or an overfitted model (i.e., one with too large an n value) from being selected. Technically, minimizing the AIC value in Eq. (5) is difficult due to a variable number of sites, and multiple local minima in the function. We exploited the fact that when both the number of binding sites and the coordinates are fixed, the minimization problem simplifies to the well-known linear least square problem. In such a case, the AIC is described by Eqs. (6) and (7) 
In Eq. (6),Q a is an n 1 1-dimensional vector, consisting of Q a;0 ; Q a;1 ; . . . ; Q a;n , andC is also an n 1 1-dimensional vector, consisting of C 0 ; C 1 ; . . . ; C n : Derivations of Eqs. (6) and (7) are presented in the Supplementary Materials file. Note that in Eq. (7), all variables to the right of Q a;i are either known or fixed, in this situation. Assuming that C i ! 0 i50; 1; . . . ; n ð Þ , minimizing the value of Q a;i in Eq. (7) is the same as solving the standard linear least-square problem with non-negative constraints. Because this optimization can be achieved easily, it is sufficient to optimize only the number of binding sites, and the coordinates of the O 2 -binding sites to obtain the best possible solution.
A combination of grid-search and local refinement procedures was used to determine the best possible solution. First, the coordinate space was expressed in a 25 3 29 3 32 grid (i.e., 23,200 grid points) with a 2-Å grid-space, each of which was a potential O 2 -binding site. At each grid point, parameters C 0 and C 1 were optimized to minimize the AIC value in Eq. (6). Grid points showing the 100 smallest AIC values were selected for further optimization. Second, the 100 atomic coordinates of the potential O 2 -binding site were optimized to minimize the AIC value using the covariance matrix adaptation evolution strategy (CMA-ES), 28 a derivative-free optimization method. In this CMA-ES, local optimum solutions were explored from among the 100 initial solutions. The best 10 non-overlapping coordinates selected within the 100 optimized coordinates were nominated for the first binding site. Note that optimized coordinates within 2 Å were considered as overlapping, and the coordinate showing the lowest AIC was retained for subsequent analysis. Third, the second binding site was explored within 23, 200 grids assuming 10 different first binding sites (i.e., the nominated 10 binding sites). For the 232,000 pairs of the first and second binding sites, parameters in Eq. (2) (i.e., C 0 , C 1 , and C 2 ) were optimized to minimize the AIC. Next, the best 100 atomic coordinates of the second potential O 2 -binding site were optimized using the CMA-ES. To exclude physically irrelevant solutions, we used a constraint that oxygen binding sites were not within r OH (52.72 Å ) from all main-chain amide protons, which is the sum of van der Waals radii of oxygen and hydrogen. We further excluded solutions of which the oxygen coordinates converged within 0.01 Å from the edge of the coordinate space in the grid search. The edge was at least 10 Å apart from the protein surface. The best 10 non-overlapping coordinates were selected after the CMA-ES optimization. This procedure was repeated for up to a 4-binding site model. There were no valid solutions for the 4-binding site model, and thus further binding site models were not considered. The binding model and atomic coordinates with parameters giving the minimum AIC value were considered the best possible solution.
Molecular dynamics simulation
Molecular dynamics (MD) simulations of 100 nanoseconds were performed in triplicate at O 2 concentrations of 10 mM and 100 mM using the GROMACS 2016 molecular simulation package. 29 The system contained a WT* (PDB ID; 1L63), 3 (or 30) O 2 molecules, 8 chloride ions, and approximately 15,000 water molecules at a pressure of 7 bar (or 70 bar). In the case at 10 mM O 2 , one O 2 molecule was initially inserted in the largest hydrophobic cavity (i.e., cavity 4). Both N-and C-termini of WT* were uncapped (i.e., charged). The OPLSL-AA force field 30 was used for the protein, and the TIP4P model was used for water. 31 Potential parameters for O 2 and chloride ions were as per those previously described in the literature. 32, 33 MD simulations were conducted with the NPT ensemble (300 K, 7 bar or 70 bar) in a truncated dodecahedron box with dimensions of 88.7 Å . In addition, to estimate the rotational correlation times of O 2 in cavity 3, we performed separate one nanosecond MD simulations. Details of MD simulations were previously described. 12 
